We present new isotopic and trace element data for four eruptive centers in Oregon: Wildcat Mountain (40 Ma), Crooked River (32-28 Ma), Tower Mountain (32 Ma), and Mohawk River (32 Ma). The first three calderas are located too far east to be sourced through renewed subduction of the Farallon slab following accretion of the Yellowstone-produced Siletzia terrane at ∼50 Ma. δ O zircon unit (7.4-8.8 y ), and two units with heterogeneous zircons (2.0-9.0 ), similar to ounger Yellowstone-Snake River Plain rhyolites. In order to produce these low 18 δ O values, a large heat source, widespread hydrothermal circulation, and repeated remelting are all required. In contrast, Wildcat Mountain and Tower Mountain rocks yield high 18 δ O zircon values (6.4-7.9 ) and normal to low εHf i values (5.2-12.6), indicating crustal melting of high- 18 δ O supracrustal rocks. We propose that these calderas were produced by the first appearance of the Yellowstone plume east of the Cascadia subduction zone, which is supported by plate reconstructions that put the Yellowstone plume under Crooked River at 32-28 Ma. Given the eastern location of these calderas along the suture of the accreted Siletzia terrane and North America, we suggest that the Yellowstone hotspot is directly responsible for magmatism at Crooked River, and for plume-assisted delamination of portions of the edge of the Blue Mountains that produced the Tower Mountain magmas, while the older Wildcat Mountain magmas are related to suture zone instabilities that were created following accretion of the Siletzia terrane.
INTRODUCTION
Trace element and isotopic data of magmatic rocks have long been used to relate magma petrogenesis to geotectonic settings (e.g., Auer et al., 2008; Jicha et al., 2009; Seligman et al., 2014) . We use these methods to investigate three large 30-40 Ma calderas in eastern Oregon that were recently identified and have an unknown geotectonic origin (McClaughry et al., 2009b) (Figure 1) . Despite nearly 40 m.y. of erosion, these calderas preserve volcano-tectonic depressions with respective rings of hydrothermally altered postcaldera rhyolite intrusions, thick intracaldera tuffs, and central resurgent and ring-fracture rhyolite domes. The rocks that form these three paleontologically important calderas were originally mapped as part of the John Day and Clarno formations, signifying a correlation and likely source. These three eastern Oregon calderas are all located near the Klamath-Blue Mountain gravity-anomaly lineament (Figure 1) , which marks the boundary between the Blue Mountains Province and the accreted Siletzia terrane, and were all erupted through the Paleozoic Blue Mountains Province (Figure 1) . Limestone is locally present in the accreted terranes underlying the calderas and is present as xenoliths in multiple tuffs. Other calderas and caldera-forming tuffs that we studied for comparison belong to the volcanic front of the ancestral Cascades.
Around 50 Ma, subduction of the nearly horizontal Farallon slab was halted by accretion of the Large Igneous Province known as Siletzia (56-49 Ma) from western Oregon to southwestern British Columbia (Atwater and Stock, 1998; Wells et al., 2014) . Accretion caused (1) slab, (2) subduction to migrate westward and reinitiate along the western margin of Siletzia, and (3) stagnation of the nearly horizontal limb of the Farallon slab beneath Oregon, where geophysical data suggest the slab remnant is presently lodged (Gao et al., 2011; Darold and Humphreys, 2013) . Previous work by Duncan (1982) and Wells et al. (1984) suggested that the long-lived Yellowstone plume powered magmatism responsible for development of the Siletzia Large Igneous Province oceanward from the Pacific Northwest coast. However, the proposed scenario results in an unusually large ∼30 m.y. gap in recognized Yellowstone plume-related eruptions between 56 and 49 Ma Siletzia magmatism (Wells et al., 2014) and eruption of the Columbia River basalts at ∼17 Ma in eastern Oregon and coeval calderas in northern Nevada (Coble and Mahood, 2012; Ferns and McClaughry, 2013) . Renewed Cascadia subduction and related arc magmatism built a north-south Cascade volcanic front, initiating in southern Washington and northern Oregon, with the first ancestral Cascade volcanoes and calderas appearing around 42 Ma (du Bray and John, 2011) . East of the ancestral Eocene-Oligocene Cascade arc, voluminous 30-40 Ma ash-flow tuffs associated with large caldera forming eruptions were deposited as part of the Clarno and John Day formations. However, the causative tectonic and magmatic origins of these calderas and their correspondent ash-flow tuffs remain enigmatic (McClaughry et al., 2009b) .
The present study aims at determining how the voluminous silicic magmas in these newly identified calderas were formed, assuming that each site of abundant silicic magmatism requires large quantities of basaltic heat and mass fluxes from the mantle. Herein, we define processes that may foster genesis of large-scale, within-plate volcanism. In particular, we explore whether the Yellowstone plume could have been somehow responsible for the genesis of these large-volume centers of volcanism, and if so, how it can be reconciled with the ongoing subduction of the Farallon slab under North America. We use major and trace element geochemistry, new U-Pb geochronologic data, and in situ O and Hf isotopic investigations of zircons for three recently identified calderas, whose rocks are part of the John Day and Clarno formations (Figure 1) (McClaughry et al., 2009b) : Crooked River, Tower Mountain, and Wildcat Mountain. We then compare their isotopic and trace element characteristics with those of contemporaneous calderas known to be part of the Cascade arc: the large 25-km diameter Mohawk River caldera (McClaughry et al., 2010) and several other regionally abundant 40-25 Ma tuff layers (Figure 1 ), known to be part of the ancestral Cascade arc. Our trace element and isotopic data thus place constraints on crustal and mantle processes that previously have been investigated from a geodynamic and geophysical perspective.
MATERIALS AND METHODS
In this study we apply single crystal and in situ methods for determining the primary magmatic values for these rocks that have been heavily altered. Intense hydrothermal alteration has caused many of the minerals, such as feldspar, to break down to clays, and for much of the quartz to be secondarily reprecipitated. Any quartz or feldspar analyzed from the Crooked River caldera was pretreated in HF to remove any outer rind of alteration and checked for melt inclusions to be sure these are primary minerals. Furthermore, when reducing the data, we trust the lowest feldspar and quartz δ 18 O values, since higher values are typically indicative of secondary effects due to higher 18 O min-H 2 O values. In addition, we primarily focus on analyses of alterationresistant zircon when studying rocks from the Crooked River caldera. δ 18 O compositions of 1-2 mg of quartz, plagioclase, pyroxene, olivine, amphibole, and bulk zircon phenocrysts were determined by laser-fluorination in the stable isotope laboratory at the University of Oregon (e.g., Bindeman, 2008 ). δ 18 O compositions of mounted and imaged zircon crystals were further refined in their δ 18 O values by targeting cores and rims in situ using the Cameca 1280 ion microprobe at the University of Alberta (±0.16 2σ). The Hf isotopic composition of zircon was then determined for some of these same spots at Washington State University's Radiogenic Isotope and Geochronology Lab (±0.8-2.0 εHf) (Fisher et al., 2014) . Individual zircon cores and rims were then analyzed for 238 U-206 Pb ages using the CAMECA ims 1270 ion microprobe at UCLA. Analytical techniques are described in detail in the Supplementary Material, and details of these analyses can be found in Tables S1-S6. Selected XRF data were obtained at Pomona College and others at Washington State University (published), and basalt and basaltic andesite samples were analyzed for trace elements by ICP-MS at the Solid Earth Geochemistry Lab at Harvard to determine the geochemical signature of the source magmas.
RESULTS

PETROGRAPHY AND GEOCHEMISTRY OF ROCKS ASSOCIATED WITH THE LARGE OREGON CALDERAS
The Mohawk River caldera currently has two main units associated with it (the Tuff of Mohawk River and the basalt of Mt. Tom). The location of the Mohawk River caldera, within the ancestral Cascade volcanic arc domain, implies a subductionrelated petrogenesis (Figure 1) . Furthermore, the presence of abundant (10-20%) phenocrysts in the tuff of Mohawk River and its calc-alkaline geochemistry (low Nb and Zr), which are also characteristics of other major coeval tuffs of the ancestral Cascade arc that we studied (du Bray and John, 2011), suggest a subduction-type source and derivation by fractionation of a cool and wet basaltic magma (Figures 1, 2B ). Other studied tuffs (Dexter, Fox Hollow, and Bond Creek) have similar mineralogical characteristics.
Rocks analyzed from the Tower Mountain and Wildcat Mountain calderas include their major caldera forming tuffs (the tuff of Steins Pillar from the Wildcat Mountain caldera and the tuff of Dale from the Tower Mountain caldera), as well as pre-and post-caldera domes and lavas that range continuously from basalt to rhyolite. Rocks associated with these calderas include hydrous minerals (amphibole ± biotite). The presence of hydrous minerals and the continuous range in magma compositions is similar to many rocks found in subduction-type settings. However, their locations far behind the already well-defined ancestral Cascade arc (du Bray and John, 2011) indicate an intraplate origin. The Pearce et al. (1984) showing the relative abundances of Rb vs. Nb+Y in rocks from the four studied calderas vs. those of other nearby Cenozoic volcanic rocks, including specific tuffs of the ancestral Cascades (Dexter, Bond Creek, and Fox Hollow). The distinct overlap in the compositions of the Snake River Plain rocks of the Yellowstone hotspot track and those of the Crooked River rhyolites suggests similar petrogenetic histories.
rhyolites of the Tower Mountain and Wildcat Mountain calderas have Nb+Y abundances that overlap with those of the high and ancestral Cascade rhyolites ( Figure 2B ). In contrast, the correlated basalts have high field strength element (HFSE) abundances and Nb/Yb and Th/Yb ratios that are elevated relative to N-MORB (Figure 2A and Supplementary Material) and the modern (e.g., Mazama) and ancestral Cascades (Bacon, 1989; Bacon et al., 1997; du Bray and John, 2011) . These relations are consistent with a deep, undepleted, sublithospheric mantle origin (Pearce and Peate, 1995) .
In contrast, rocks associated with the Crooked River caldera are nearly aphyric, containing sparse quartz and feldspar, compositionally bimodal (basalt and rhyolite), and do not contain hydrous minerals. These characteristics are consistent with a dry, high temperature, crystal poor magma. Rocks analyzed from the Crooked River caldera include multiple caldera-forming tuffs, ring-fracture rhyolites, and basaltic lavas. These types of rocks are similar to many rhyolites of the Yellowstone-Snake River Plain (Nash et al., 2006; Christiansen and McCurry, 2008; McCurry and Rodgers, 2009; Watts et al., 2011) . The Crooked River and correlative John Day Formation rhyolites also have distinctly elevated Nb+Y concentrations ( Figure 2B) . Similar to the basalts of the Tower Mountain and Wildcat Mountain calderas, the basalts associated with the Crooked River eruptive center also have elevated HFSE and Nb/Yb and Th/Yb ratios relative to N-MORB (Figure 2A and Supplementary Material). These data are again consistent with a deep, undepleted, sublithospheric mantle origin.
U-Pb DATING OF ZIRCONS AND ERUPTIVE HISTORIES OF THE OREGON CALDERAS
In an attempt to better constrain eruptive order, we determined U-Pb ages of zircons from three units of the Crooked River caldera. Although the ages of these three units correlate with known stratigraphic positions, their errors are unusually large, and we therefore report two possible ages for each unit (Tables  S4, S5 in the Supplementary Material). For all other units, we rely on previously determined 40 Ar/ 39 Ar, K/Ar, and U-Pb ages, as well as stratigraphic constraints, which are all listed in Table S1 in the Supplementary Material. generally necessitate assimilation of high δ 18 O rocks (e.g., older supracrustal rocks), which is seen in rocks erupted from the Crooked River, Tower Mountain, and Wildcat Mountain calderas, whereas δ 18 O zircon <5.0 typically requires assimilation of material that was previously hydrothermally altered by low δ 18 O meteoric water (Crooked River caldera-see below for further details) (e.g., Watts et al., 2011 ). δ 18 O of zircons and quartz from the Mohawk River caldera in the ancestral Cascades arc of western Oregon (Figure 1) have εHf i that ranges from +8.6 to +12.4, and normal to moderately low δ 18 O zircon (∼+5.0 ), which are in equilibrium with quartz (δ 18 O = +6.9-7.7 ). These normal δ 18 O values are similar to other major coeval tuffs studied here from the ancestral Cascades (Figures 3-5) , and also from arc rocks worldwide Bindeman et al., 2010; Martin et al., 2011 Zircons (cores and rims) in nine rhyolite units associated with the Crooked River caldera have a mixture of homogenous low and high δ 18 O values, and heterogeneous δ 18 O values within each sample (Figure 5) . Only zircon and scarce quartz and feldspar phenocrysts preserve magmatic δ 18 O values, because nearly all phenocrysts in the Crooked River rocks are altered. These low δ 18 O units (+1.8-4.5 ) include the major caldera-forming tuff of Smith Rock (δ 18 O zircon = +2.6 ; ∼29 Ma), the tuff of Eagle Rock (δ 18 O zircon = +4.4 ; 29.7 Ma), and four ring fracture rhyolites (δ 18 O zircon = +2.3, +2.4, +2.4, +4.5). In addition, using laser fluorination we obtained a bulk zircon value of +4.2 for the 28.65 Ma Picture Gorge Ignimbrite of the John Day Formation (Figure 5) , and the ring-fracture rhyolite of Ochoco Reservoir (+2.0-9.0 ; 27.54 Ma). Large-scale remelting of previously erupted, initially high δ 18 O tuffs and lavas, which were hydrothermally altered is required to produce so many low δ 18 O units. These processes are similar to those that are considered responsible for low δ 18 O magmatism associated with the vast majority of the YellowstoneSnake River Plain calderas (e.g., Bindeman and Simakin, 2014) (Figure 1) . The δ 18 O values in all three central and eastern Oregon calderas signify large degrees of crustal melting of both high δ 18 O basement and low δ 18 O hydrothermally altered rocks. Since the zircons were extracted from rhyolites that were formed through crustal melting, the lower than depleted mantle εHf i values also indicate the influence of basement rocks that originated from sublithospheric mantle. The similarity of the εHf i values across the three calderas therefore signifies a similar source, such as the surrounding Paleozoic Blue Mountains Province (Figure 6) . Therefore, the difference in δ 18 O values between the Wildcat and Tower Mountain calderas and the Crooked River caldera is not due to the difference in what is being melted, but is due to the degree of hydrothermal alteration. In other words, the elevated δ 18 O values of the Wildcat Mountain and Tower Mountain calderas define regional high δ 18 O levels, from which the low δ 18 O Crooked River magmas were derived after hydrothermal alteration.
DISCUSSION LOW δ 18 O RHYOLITES ASSOCIATED WITH THE YELLOWSTONE HOTSPOT
Eruptive centers associated with the Yellowstone plume have produced some of the world's most voluminous low δ 18 O magmas. Low δ 18 O magmas are associated with nearly all currently identified Yellowstone-plume related calderas, which have an aggregated low δ 18 O eruption volume >10,000 km 3 (Boroughs et al., 2005; Cathey et al., 2011; Watts et al., 2011; Drew et al., 2013) . Although plume magmas do not initially have lighter oxygen isotopic ratios, their larger heat source makes it possible, and more likely, to foster widespread hydrothermal circulation, alteration, and subsequent remelting that yields low δ 18 O magmas (e.g., Bindeman and Simakin, 2014) , which could be possible at eruptive centers such as Crooked River, as is further argued below. We therefore use low δ 18 O values in voluminous tuffs as an indicator of a need for an exceptionally large heat source to achieve repeated shallow crustal remelting.
CALDERAS OF OREGON AS GEODYNAMIC INDICATORS
The location of the central-eastern Oregon calderas to the east of the ancestral Cascade volcanic arc, which was already developed prior to formation of these calderas (du Bray and John, 2011) (Figure 1) , suggests these magmas are related to a within-plate tectonic process. Another significant trend involving their location is represented by their location along the suture between the Siletzia terrane and the terranes underlying the Blue Mountains Province (Figure 1) . If these calderas were associated with flat slab subduction, a wider swath of ancestral Cascade arc volcanoes across Oregon should be (but is not) present. Instead, the ancestral Cascades reside to the west of the high Cascades (du Bray and John, 2011), which are still located to the west of the three eastern Oregon volcanoes of this study (Figure 1 ). If these magmas were formed through back-arc spreading, then an arc-parallel or riftparallel arrangement of volcanic vents is expected, which is seen in back arc volcanism such as Kamchatka (Münker et al., 2004) or in rifting environments such as eastern Africa (Chorowicz, 2005) . If these calderas were a northwestern extension of the "ignimbrite flare-up" of the Great Basin of the southwest United States (Coney, 1978) one would expect to see a time transgressive series of eruptions due to the proposed "peeling off " of the underlying Farallon slab from the base of the North American crust (Humphreys, 1995) , which is also not observed (Figure 1) . This hypothesis is also contrasted by seismic imaging by Gao et al. (2011) and Darold and Humphreys (2013) who imaged the Farallon slab beneath this region of Oregon, signifying that there has been no wholesale peeling off of the Farallon slab in this area. Therefore, a different tectonic process is needed, which incorporates the location of these calderas to the east of the ancestral Cascades arc and along the suture between the Siletzia terrane and the terranes underlying the Blue Mountains, which is likely a region of geodynamic instability (Gorczyk et al., 2012) .
A CASE FOR YELLOWSTONE PLUME ASSISTED DELAMINATION AND THE EARLIEST APPEARANCE OF CALDERA-FORMING VOLCANISM OF THE YELLOWSTONE PLUME
Recent work by Wells et al. (2014) shows that the Yellowstone plume was under central Oregon by ∼35 Ma, and more specifically under the Crooked River caldera 32-28 Ma (see Movie in Supplementary Material). Therefore, based on the location of the Yellowstone plume, and the location and geochemistry of the two ∼30 Ma eastern Oregon calderas, we propose that their magmas are formed through interactions between the Yellowstone plume and delamination of the overlying crust near a region of geodynamic instability. The older 40 Ma Wildcat Mountain caldera likely has a different instability-based origin, which will be discussed below. Current regional geodynamic models document complex interactions between the subducting Farallon slab and the Yellowstone plume (e.g., Johnston and Thorkelson, 2000; Murphy et al., 2003; Obrebski et al., 2010; Liu and Stegman, 2012) . Models suggest that the plume could have five different options for how it interacted with the crust: (1) migrating through a gap in the Farallon slab; (2) migrating around the subducting slab, perhaps in bifurcating fashion; (3) melting through the slab; (4) ponding under the slab but allowing decompression basaltic partial melts to penetrate through it; or finally (5) ponding under the slab and causing the slab to buoyantly rise and restrict volcanism on top. The Yellowstone plume could have used any of the first four of these scenarios to migrate east of the Farallon slab following the formation of the Siletzia terrane.
In terms of plume-assisted delamination, numerical modeling by Burov et al. (2007) suggests that Rayleigh-Taylor instabilities of the lower crust occur within a few million years of the arrival of a plume at the base of the lithosphere. Camp and Hanan (2008) utilize plume-assisted delamination to explain the formation of the Columbia River Basalts. Plume-assisted delamination proceeds with: (1) creating cracks in the overlying crust through dikes and sills and (2) lowering the density and viscosity (10 20 Pas; Steinberger and O'Connell, 1998) of the underlying mantle, which may in turn accelerate Stoke's sinking velocity, giving it sufficient time for devolatilization-melting of the surrounding mantle. Furthermore, non-plume-assisted delamination can still occur within ∼5 m.y. based on numerical modeling, depending on the density of the lower crust and the viscosity of the mantle (e.g., Elkins-Tanton and Hager, 2000; Elkins-Tanton, 2005) . Nonplume-assisted delamination may explain the magma formation of the 40 Ma Wildcat Mountain caldera.
More specifically, we propose that the magmas of the Tower Mountain and Wildcat Mountain calderas were produced through delamination and devolatilization of portions of the underlying terranes of the Blue Mountains (Figure 7) . Delamination was likely caused through one of two processes. The first possibility is that the docking of the Siletzia terrane between 51 and 49 Ma could have resulted in instabilities at its boundary with the Blue Mountains Province. Localized instabilites could have caused the first episode of delamination, producing the magmas of the Wildcat Mountain caldera, which formed ∼40 Ma. The delamination event that formed the magmas of the Tower Mountain caldera, which erupted ∼8 m.y. later, was likely caused by plume-assisted delamination, based on the longer period of time between the docking of the Siletzia terrane and the eastern migration of the Yellowstone plume. These hypotheses are supported by our new geochemical data. The mantle lithosphere beneath eastern Oregon was previously hydrated and modified by tens of millions of years of flat subduction prior to accretion of the Siletzia terrane (Atwater and Stock, 1998) . If a portion of the terranes underlying the Blue Mountains were delaminated underneath the Wildcat Mountain and Tower Mountain calderas, previous hydration and modification would allow for subsequent devolatilization following delamination. Delamination would further allow magma to be produced from a deeper, non-depleted region of the mantle, as is supported by the trace elemental signature of basalts studied in this region (Figure 2A) . Delamination also allows the magmas to be produced from a cooler, wetter mantle, subsequently producing phenocrystic rocks that are rich in hydrous minerals, which is characteristic of the rocks erupted from the Wildcat and Tower Mountain calderas.
In contrast, we propose that the Crooked River magmas are sourced directly from the Yellowstone plume. The formation of these magmas may also involve delamination, but this time of the Siletzia terrane, due to the close proximity between Crooked River and the suture between the Siletzia terrane and the Blue Mountains Province (Figure 1) . Evidence for the Yellowstone plume producing magmas of the Crooked River caldera include: (1) geodynamic reconstructions using G-Plates by Wells et al. (2014) placing the Yellowstone plume under the Crooked River caldera from 32 to 28 Ma, which is the period of major and repeated silicic ignimbrite eruptions there (Figure 1 ; Movie in Supplementary Material); (2) The nearly aphyric, "hot and dry" nature of rocks and mineral assemblages associated with the Crooked River caldera, similar to other eruptions of the Yellowstone plume (Nash et al., 2006; Christiansen and McCurry, 2008; McCurry and Rodgers, 2009; Watts et al., 2011) , signifies the need for a large heat source; (3) The enriched-MORB geochemical signature of the basalts, signifying the need for a non-depleted mantle source, similar to the Yellowstone plume ( Figure 2A) ; (4) The bimodal basalt-rhyolite character; and finally (5) The low δ 18 O oxygen isotopic signature of multiple major Crooked River ignimbrites and post-caldera lavas, and zircon δ 18 O diversity in some later units, similar to nearly all such magmas in the Yellowstone hotspot track. This amplifies the need for remelting and recycling of previously erupted and hydrothermallyaltered ignimbrites being incorporated in the eruptive material and thus requires a large heat source under the eruptive center (e.g., Bindeman and Simakin, 2014) . Hence, we propose that the Crooked River caldera represents the oldest low δ 18 O province of the Yellowstone plume. Although not directly related to geotectonics, it is the recycled, low δ 18 O nature of Crooked River ignimbrites and post-caldera lavas that provides the most compelling evidence for the earliest caldera-forming eruptions of the Yellowstone plume at ∼32 Ma.
